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ABSTRACT  
Restoration of gait symmetry following anterior cruciate ligament reconstruction (ACLR) is 
crucial to minimize the risk of joint degeneration. To achieve this, it is essential that the 
chosen measurement method can accurately assess knee kinematics and detect the changes in 
multi-planes of motion. However to date, limited study is available on repeatability of the 
multi-planes knee angle measurements particularly among male patients post ACLR.  The 
purpose of this study was to assess the test-retest reliability of knee kinematic measurements 
using three-dimensional (3D) motion analysis system during gait in post ACLR patients. 
Eight patients with mean (SD) age 28.89 (4.0) years, 5.82(4.07) months post ACLR were 
recruited from a tertiary hospital of Kuala Lumpur. All patients undergone two sessions of 
knee joint angles measurement during gait at four hours interval, for the injured and the 
non-injured knees. Angles in the sagittal, frontal and transverse planes during initial contact 
phase of gait that derived from the two measurement sessions were compared.  
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The results showed high test-retest reliability of the measurement in sagittal and transverse 
planes; the intraclass correlation coefficient (ICC) was 0.97(95% CI: 0.84-0.99) and 0.96 
(95% CI: 0.83-0.99) respectively, and moderate test-retest reliability for the measurements in 
frontal planes, with ICC 0.44 (95% CI: -0.32-0.86). The study findings suggest that 
multi-planes knee angle measurements during initial contact phase of gait could reliably be 
measured using a 3D motion analysis system.  Further research may focus on knee 
kinematics measurements at other phases of gait. 
Keywords: biomechanics, reliability, walking, knee, anterior cruciate ligament reconstruction 
    
1. INTRODUCTION 
ACL injury is a musculoskeletal problem with debilitating effect to the injured individual. It 
requires not only treatment at a higher cost and longer duration of rehabilitation, but may 
cause increased risk of knee osteoarthritis in a later years [1–3]. Anterior cruciate ligament 
reconstruction (ACLR) is one of the most common surgeries following ACL injury. An 
Australian study reported that over 50,187 ACL reconstructions were performed over a 
five-year period between 2003 and 2008 [1]. The main goal of  ACLR  is to restore knee 
stability  and expedite the return to sports [2,4]. An early promotion of knee stability could 
reduce the risk  of meniscus and cartilage tear, and  prevent the occurrence  of  knee 
osteoarthritis [2,3]. Following ACLR, patients are required to participate in a comprehensive 
but specific rehabilitation program for duration of 4 months up to 1 year. Specific 
rehabilitation protocols are implemented at a high intensity and substantial frequency and 
duration. However, despite intensive rehabilitation, ACLR patients demonstrate  alterations 
of knee joint angle, particularly during gait [5,6]. These alterations have been linked to the 
development of knee osteoarthritis among ACLR patients [5,7]. A gait analysis, looking 
specifically at knee kinematics is therefore important to detect the alterations of the knee 
angles during the early stage of rehabilitation.   
Movement of knee joints during gait occurs in several planes of motion, namely sagittal, 
frontal and transverse planes [8]. It is noted in a previous study that alterations of knee angle 
during gait occurs in multiple planes of movement [9]. Although reliability of measurements 
of knee kinematic during gait has been reported in previous studies [10–12], little information 
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is available on multi-planes knee angle measurements among ACLR patient. Labbe and 
colleagues [12] in a study of knee joint angle measurement during gait analysis among 
healthy individuals, reported high repeatability of measurements in all planes of motion. On a 
contrary, other  similar studies reported otherwise, particularly on  the movement out of 
sagittal plane [10,11]. In these studies, 3D motion analysis system was used. Characteristic of 
the participants, laboratory settings, procedure adopted, disease severity, and assessor 
experiences may also affect the reliability of knee angle measurement [13]. In addition, 
kinematics of knee during various functional tasks including gait are also known to be 
different by gender [14,15]. Therefore, further studies that assess gender specific reliability of 
knee measurements are warranted to establish the measurement method and effectively 
interpret post-ACLR patients’ gait performance. The aim of this study was to determine the 
reliability of knee angle measurement using 3D motion analysis system in sagittal, frontal and 
transverse planes of motion during among ACLR male patients. 
 
2. METHODOLOGY 
2.1 Study Design and Setting 
This was a cross-sectional laboratory study conducted at the Faculty of Health Sciences, 
Universiti Kebangsaan Malaysia (UKM). The UKM Research Ethics Committee approved the 
study protocol (Code Project: NN-072-2014).  
 
2.2 Participants 
Eight post-ACLR male patients were recruited from the orthopaedic clinic of the Universiti 
Kebangsaan Malaysia Medical Centre (UKMMC) based on the following inclusion criteria: (a) 
age between 19 and 45 years; (b) ACLR surgery with hamstring auto graft; (c) approximately 
four to 12 months post-surgery; (d) able to walk without pain or restriction, and (f) no other 
musculoskeletal conditions that could affect walking performance.  Participants with swelling, 
pain or stiffness of the knee and body mass index exceeding 35 kg/m2, and limb length 
discrepancy of more than two centimetres were excluded from the study. All participants were 
briefed about the study protocol, and gave written consent prior to measurements session. 
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2.3 Measurement Tool 
A three-dimensional (3D) motion analysis system (Motion Analysis Corporation, USA) which 
connected to six infrared motion-tracking cameras (Model Osprey) (Figure 1) was used to 
record the knee kinematics during gait. The cameras were positioned by using a floor 
reference grid to establish an identical recording distance from participant, which set at 120 
Hz sampling rate and calibrated prior to measurement of each participant for every test 
session. The 3D motion analysis systems were synchronized with two force platforms (Model 
FP4060, Bertec Corporation, USA) (Figure 2) which is embedded into customized walking 
platform (~ 6-meter) (Figure 3). 
  






Fig.3. Laboratory set-up with customized 
walking platform. The red dashed line show 
a walking direction in gait analysis. The grey 
boxes represent camera position. The blue 
boxes represent force platform, and the x 
mark represent starting position (Please 
refer to online version for coloured lines). 
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The force platform was set at 600 Hz sampling rate to record kinetic variables of ground 
reaction force during initial contact (IC) event of gait. The Global Coordinate System (GCS), 
which used for the measurement was based on the recommendation of International Society of  
Biomechanics (ISB) and force plate axes convention;  X indicates medio/lateral direction, Y 
indicates anterior/posterior direction and Z axis represents upward/downward direction [16,17]. 
The right-handed inertial reference system were applied for both left and right body segments 
[16]. 
 
2.4 Measurement Procedure 
Prior to gait procedure and knee kinematic measurement, each participant was interviewed for 
demography details such as age, weight, and height and limb dominance. BMI was then 
calculated, followed by inspection of post-ACLR knee for presence of any swelling and pain. 
Limb length and quadriceps angles were assessed using conventional method to detect 
discrepancy between left and right side. Next, the inter-ASIS (anterior superior iliac spine) 
distance was measured to determine the centre of pelvic joint in 3D motion analysis system. 
Prior to use, the 3D motion analysis system and force platforms were calibrated for each 
individual. Participants were required to wear short tight and were barefooted throughout the 
gait assessment. First, thirty-two reflective markers using a modified Helen Hayes’s markers 
set [18], were positioned over specified anatomical locations: i.e. trunk (left and right acromion 
process, 7th thoracic vertebra), pelvic (left and right ASIS, left and right PSIS, and sacrum), 
greater trochanter, upper and lower lateral aspect of thigh, medial and lateral femoral condyle, 
upper and lower lateral aspect of shank, lateral and medial malleolus at both legs, and left and 
right of foot (navicular head of 1st metatarsal, head of 5th metatarsal) for each participant 
(Figure 4).  
A non-allergenic adhesive tape was used to secure the markers position over the identified bony 
landmarks. The thirty-two markers were used to capture the participant’s static standing trial 
position and later designated as participant’s neutral alignment. 
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Fig.4. Skin markers location (a) in front, 
(b) back view. The blue markers were 
removed during gait analysis. (Please 
refer to online version for coloured 
picture). 
 Fig.4(a) Fig.4(b) 
 
 
Any recorded kinematic measures were referenced back to this position. In this static trial, each 
participant was instructed to stand on the force platform in their comfortable position with both 
feet at shoulder-width apart and without locking the knees. Then, following the static standing 
trial, eight anatomical markers were removed and the remaining 24 markers were used in the  
walking analysis [18]. Standardised protocol and verbal instruction was used through the 
measurement procedures; participants were instructed to walk bare-footed along the walking 
platform at a comfortable walking speed. Each patient was given at least two trials prior to the 
actual measurement to familiarize themselves with the walking procedure. At this stage, 
assessor marked the starting position of the gait on the walking platform, which was used to 
ensure that each foot make correct contact at specified area of force platform. A successful gait 
trial was confirmed when each foot make a correct contact with the force platform and positive 
feedback was given. To ensure normal walking pattern, participant were reminded not to look 
down and to walk at own walking pace throughout the sessions. Each participant was required 
to perform three successful gait trials. One-minute rest was given in between each trial. All 
participants were assessed twice with four hours interval between each test session. All 
measurements were conducted by one physiotherapist who was trained to use 3D motion 
analysis system.    
 
F. Z. Fairus et al.            J Fundam Appl Sci. 2017, 9(6S), 1236-1249         1242 
 
2.5 Data Processing 
Motion capture data were collected using Cortex software (Model 1.5.3.1.1543, Motion 
Analysis Corporation, USA) and later exported to Visual 3D Profesional software (Version 5.0, 
C-Motion, USA) for further data reduction. The kinematic data were time-normalized to 100% 
of gait cycle. Raw data from Visual 3D software was later saved in text file and exported to 
Microsoft Excel 2010 (Microsoft Corporation, USA) for further analysis.  
 
2.6 Statistical Analysis   
All data was entered into statistical package for social sciences (SPSS) version 22 for analysis. 
The knee kinematic of interest was three-dimensional knee angles during the initial contact of 
gait. The mean and standard deviation of the angles were determined by calculating the 
average out of the three walking trials. Paired t-test was used to compare the obtained mean 
value between the first and the second measurement session for detection of systematic bias. 
The statistical significance was set at p value < 0.05. The test-retest reliability level was 
determined by looking at the intraclass correlation coefficient (ICC); poor (ICC <0.4), 
moderate (ICC 0.4 to 0.8) and excellent (>0.8) [19,20]. 
 
3. RESULTS 
Table 1 show characteristic of patient with ACLR knee. The mean (SD) age of the eight 
post-ACLR patients was 28 (4.0) years, with mean BMI of 26 (4) kg/m2. Five out of the eight 
participants had ACLR surgery on the right knee. The measurement was conducted at an 
average of five months following ACLR surgery. The average walking speed of the patients in 
session one and two was 0.90 m/s and 0.94 m/s (ICC = 0.97), respectively.  
Table 1 .   Characteristics of ACLR participants (n=8) 
Characteristics Mean (SD) 
Age (years) 28.89 (4.38) 
Weight (Kg) 77.82 (12.37) 
Height (m) 1.70 (0.04) 
BMI (kg/m2) 26.92 (4.60) 
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Table 2 shows the calculated mean knee angles of the patients at each plane for the injured 
and non-injured knee in the first and second measurement sessions. The ICC values were 
excellent for the sagittal and transverse planes for the injured knee, 0.97(95% CI: 0.84-0.99) 
and 0.96 (95% CI: 0.83-0.99) respectively. Similar results were observed for the non-injured 
knee, with ICC above 0.90 (CI between 0.58 and 0.99). The test-retest reliability for knee 
angle measurements at frontal plane was found as moderate, with ICC=0.44 (CI -0.32 to 0.86). 
Paired t-test analysis found no significant difference in the mean value of knee angles at all 
the three planes of motion between the two measurement sessions (all p > 0.05).  
 
Table 2 .  Mean (SD) knee angles of the patients at each plane, t (p) values, ICCs and 95% 
Confidence Interval for (a) injured knee and (b) non-injured knee 





t (p) Values ICCs 95% CI 
Sagittal (x) -14.03(5.02) -13.42(4.9) -1.30 (0.23) 0.97 (0.840.99) 
Frontal (y) -3.06(6.50) -1.97(10.99) -0.32 (0.75) 0.44 (-0.32-0.86) 
Transverse (z) 1.72(20.03) -1.31(17.57) 1.70 (0.13) 0.96 (0.83-0.99) 





t (p) Values ICCs 95% CI 
Sagittal (x) -6.25(11.83) -8.20(12.89) 1.16 (0.28) 0.93 (0.68-0.99) 
Frontal (y) 1.82(5.76) -0.99(5.84) 1.29 (0.23) 0.44 (-0.32- 0.86) 
Transverse (z) 0.34(21.40) -0.99(29.38) 0.32 (0.75) 0.90 (0.58-0.98) 
   
4. DISCUSSION 
In the current study, the test-retest reliability of knee angle measurement using 3D motion 
analysis system in multi-planes of motion during IC event of gait among post-ACLR male 
patients were assessed. The results indicate that the measurement technique has excellent 
test-retest reliability for both injured and non-injured knee at sagittal and transverse planes of 
motion, with ICC value for the sagittal plane higher than the value for the transverse plane 
which are consistent with results reported in  other studies [10,12,21]. For example, Ferber and 
colleagues [21] who measured kinematics of the right knee during running in 20 recreational 
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runners found higher reliability of measurements in the sagittal plane compared to frontal or 
transverse planes. The authors suggested markers reapplication, soft tissue artifact and 
individual physiologic variability as the contributing factors for the measurement variability. In 
another  study,  Labbe and colleagues [12] examined the effect of exoskeleton on knee 
kinematic measurement during walking among healthy individual. They also found that the 
test-retest reliability of knee angle measurement was higher for the sagittal plane than the other 
two planes. The current study findings support the findings of the two previous studies [12,21] 
that indicate knee angle measurement using 3D motion analysis system is more reliable in the 
sagittal plane than other planes. In current study, the moderate test-retest reliability was found 
for the knee angle measurement at the frontal plane during initial contact of gait. This result is 
in agreement with the finding of previous work by Laroche and colleagues in the year 2011 
[10]. They examined the knee angle of 23 patients with hip OA and reported lower reliability of 
knee frontal plane motion measurement during heel strike (ICC of OA and healthy sided, 0.69 
and 0.79, respectively) event after 30 recordings. The researchers stressed that the lower 
reliability value was due to the  smaller  available  range of motion in the frontal of the knee 
compared to other planes [10]. 
In the literatures, several factors have been identified had threaten the accuracy of kinematics 
measurement using motion analysis system. Three main factors are marker placement, 
referenced static position, and physiological variability in  each participant [12,22,23]. 
Ensuring accuracy of markers placement  has been identified as a major challenge  in 
movement analysis researchers [21,22]. To reduce the likelihood of placement  errors, it is 
suggested that only trained persons should perform markers placement and  conduct the 
measurement or test procedure [21]. Measurement by single assessor is recommended  to 
reduce  potential  errors that could emerge due to differences in techniques  between 
assessors [24]. Static positioning calibration for each participant is important to establish the 
participant’s anatomical neutral joint alignment at which reference was made in measuring 
kinematics [22]. Increased between-test variability of frontal plane knee motion measurement 
could be due to lack of standardization in the calibration of static position calibration session. 
Knee lock position could be employed to provide maximal stability in upright position and 
reduce static position variability. However this is not a normal standing position, and does not 
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represent participants’ normal joint alignment, therefore is not a favourable strategy [25]. 
Another factor, which is physiologic variability in the participants, can be due to pathological 
condition or possible fatigue, which may occur during within day measurements and cause 
variation in gait pattern [26]. Some precaution can be taken to minimise fatigue such as 
providing a one-minute rest in between each trial and ensure measurement is repeated only after 
at least 4 hours [26].  
The relatively small sample size in the study has limited the interpretation of the study findings. 
Hopkins [27] and Atkinson and  colleagues [28] recommended that any reliability study 
should have a sample size of 40 or larger in order to obtain adequate precision. However, 
because this study used 3D motion analysis system in which the overall material cost is 
substantial, it is not possible to recruit up to 40 participants. The small number of study 
participants is consistent with other past studies of motion analysis  in the literature [26,27]. 
Despite its limitation, the study findings shed some light on the approach to measure knee joint 
angles at multiple planes during gait. It is important for each study to investigate the 
measurement repeatability of adapted measurement protocol before it can be used in clinical or 
research activity. As proposed in a study by Kottner and colleagues, reliability studies act as 
quality assurance to provide sufficient information on the study methodology on specific 
population of interest [13]. Besides that, the current study also has a practical implication for 
therapist and researcher who involved in gait assessment. The practical implication of this 
finding is that by using a standardized measurement method, the ACLR rehabilitation team may 
obtain reliable multi-plane knee kinematic measurement, which further assists in accurate 
detection of knee changes in multiplanar movement following ACLR treatment session. The 
reliable assessment would enhance ACLR treatment plan for patient in acute and chronic stage 
of rehabilitation. 
At present, the variability of multi-plane knee kinematic measured in different laboratories 
presented a mixed result. In particular, the information of variability of knee kinematic 
measurement in multi-planes is still lacking among ACLR male patient. Therefore, further 
studies focusing on reliability of multi-plane knee kinematic measurement for inter-trial, 
inter-session, and inter-laboratories are warranted to determine its potential use in clinical 
practice. It is well documented in the literature that measurement techniques to assess 3D joint 
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rotation were potentially compromised by skin movement artifact [29] therefore any attempt 
to interpret the  knee measurement data in frontal and transverse plane should be done 
cautiously. Finally, as there is no single statistical measurement is adequate to explain on 
reliability of measurements [13], future studies is recommended  to add other measure of 
reliability such as standard error of measurement (SEM), Bland-Altman plot, and minimal 
detectable change (MDC) to strengthen the study findings. 
 
5. CONCLUSION  
The measurement of knee angle measurement in multi-planes of motion using 3D motion 
analysis system produced a moderate to excellent test-retest reliability among male patients 
following ACLR. The measurement protocol can be used in future studies or clinical setting 
using a similar population. In this study, participant recruitment was restricted to male patient 
only to negate the effect of gender factor. Further studies with larger participants are warranted. 
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